I. INTRODUCTION
The 7 Li(p,n) 7 Be reaction has been extensively used for the production of epithermal (10-100 keV) neutrons [ 1, 2, 3, 4, 5, 6] . For incident proton energies of about 1.91 MeV, _______________________________ a) Author to whom correspondence should be addressed. Electronic mail: paul@vms.huji.ac.il just above the reaction threshold (E thr (lab) = 1.8804 MeV), the thick-target angle-integrated neutron spectrum was shown to have an energy dependence close to E·exp(-E/E 0 ), peaked at E 0 ~ 25 keV [ 3, 5] . The neutron yield for proton energy in the range 1.9 -2.0 MeV is of the order of 10 7 -10 8 n/s/μA. The similarity of the energy distribution to that of a Maxwell-Boltzmann flux of neutrons at an effective thermal energy k B T = E 0 ~ 25 keV has important implications for nuclear astrophysics: the 7 Li(p,n) reaction for proton incident energies of E p = 1.912 MeV is used to mimic a stellar neutron flux typical of that responsible for s-process nucleosynthesis and measure the activation of relevant targets. In a different realm of interest, the nearthreshold 7 Li(p,n) 7 Be reaction has been widely studied as a prime candidate for production of accelerator-based neutrons for Boron Neutron Capture Therapy (BNCT) [ 7] . Here the epithermal energy of the emitted neutrons is much closer to that optimally required for therapy of deep-seated tumors (E n = 1 eV -10 keV) [ 8, 9, 10, 11] than that obtained from other target materials, such as beryllium (E n ~ 5 MeV) [ 8] , or from reactor-produced neutrons. An accelerator-based setup for neutron production is also considered more practical for clinical applications than a nuclear-reactor environment.
The low melting point of lithium and its compounds has however been a major drawback in using the 7 Li(p,n) reaction with high-power accelerators. Use of conventional targets (metallic lithium or compounds such as lithium fluoride) with cooled backing has been usually limited to proton beam intensities of < 100 μA.
Blistering of the target backing also sets a limit to high beam-power irradiation of solid lithium targets. With the availability of higher beam intensities (in the range of milliamps) from modern superconducting linear accelerators, the development of lithium targets capable of sustaining high beam powers has become necessary [ 12, 13] .
In this paper we describe a Liquid-Lithium Target (LiLiT), designed to dissipate beam powers of several kW for high-intensity neutron production by the 7 Li(p,n) reaction. The setup ( fig. 1 ) is based on a high-velocity windowless liquidlithium jet, flowing transverse (vertically) to the incident particle beam (horizontal).
The absorbed beam power, conveyed by the lithium flow, is heat-exchanged in a reservoir. The target has been constructed and was tested with a high-power electron beam and it is presently being installed at the SARAF superconducting linear accelerator facility at Soreq NRC, Israel [ 14] online commissioning.
Section II presents the physical principle of the target, including estimates of the power and power density dissipated by a typical high-intensity proton beam in a thick lithium target and of the temperature distribution profile expected in a liquidlithium jet flowing at high velocity. Section III describes the technical design and major components. The design was inspired by a liquid-lithium target proposed for fragmentation of heavy-ion beams in future high-power accelerators for radioactive-ion beams [ 15] and as a fast neutron source for fusion reactor material testing [ 16] through the IFMIF collaboration [ 17, 18] . Section IV shows results of circulation tests of the liquid lithium and describes power dissipation tests performed with an electron beam, delivering power and power density similar to those expected for a high-intensity proton beam. Section V includes the calculation of the expected neutron spectrum and intensity for the LiLiT setup, when irradiated by the high intensity proton beam at SARAF.
II. PHYSICAL PRINCIPLE AND THEORETICAL ESTIMATES
The physical principle of the LiLiT system, schematically illustrated in fig. 1 , consists of a film of liquid lithium (at ~200 ºC, above the lithium melting temperature of 180.5 ºC) forced-flown at high velocity onto a concave-curvature thin stainless-steel wall. The target is to be bombarded by a high-intensity proton beam impinging directly on the Li-vacuum interface (windowless) at an energy above and close to the 7 Li(p,n) reaction threshold. A rectangular-shaped nozzle just before the curved wall determines the film width and thickness (18 mm and 1.5 mm respectively, see Section III for details). The first few μm's at the surface of the liquid-lithium film serve thus as a neutron-producing thick target and the deeper layers as a beam dump from which the power is transported by the flow to a heat exchanger. The setup takes into advantage the exceptionally high specific heat capacity of liquid lithium (C p = 4350 J/kg·K, as high as that of water) and its extremely low vapor pressure (7×10 -9 mbar at 220 ºC). A simple expression of the power conveyed is given by q conv = ρ vC p A ΔT, where ρ is the density of liquid lithium (0.51 g/cm 3 at 220 ºC), v its flow velocity, A the cross section area of the film and ΔT the permitted temperature elevation. For values of ΔT ~ 100 ºC and v of the order of 1 m/s, the power conveyed by the flow is ~ 6 kW for the jet dimensions given above. The flow velocity is maintained in fact so that the steady-state local temperature in the beam spot area does not exceed a limit value determined by an allowed evaporation rate. We describe in this section the physical processes involved and derive a detailed thermal model of the system. A. The thick target 7 Li(p,n) 7 Be reaction
For proton energies just above the 7 Li(p,n) reaction threshold (Q= -1.6442
MeV, E thr (lab) = 1.8804 MeV), the produced thick-target neutrons are emitted in the forward direction, with the most probable neutron emission angle between 20˚ to 30˚ and most probable energy between 25 and 30 keV [ 3] . Fig. 2 shows the maximum and median neutron emission angle together with the total neutron yield, calculated from the reaction kinematics as a function of proton energy up to 1.92 MeV. According to Fig. 2 , at 1.91 MeV, the maximum and median neutron emission angles are 60.2˚ and 27.6˚, respectively, with a total yield of 2.4 × 10 10 n/mC [ 6] . A detailed description of the neutrons angular and energy distribution yield for 1.91 MeV protons bombarding a thick lithium target is shown in Fig. 3 . The near-threshold yield is calculated following the method described by Lee and Zhou [ 3] (see also [ 6] ). 91 MeV protons bombarding a thick lithium target. The abscissa is the neutron emission energy and the left ordinate is the neutron emission angle. The discontinuity between zero and non-zero yield is due to the gridded calculation method [ 3] and the assumed discrete proton energy. Table I ). The plotted quantity on the left axis of Fig. 4 , i.e. the mean differential energy loss for a beam of incident 1.91 MeV protons on a thick lithium target, is different from the true value (dE/dx), especially near the end of the particle range, because of significant effects of energy and angle straggling. The maximum of the mean energy loss in Fig. 4 is 33 keV/μm while the maximum of the differential energy loss (dE/dx), on which the TRIM calculation is based, is 48.2 keV/μm. Neutrons are generated by the 7 Li(p,n) 7 Be reaction within ~ 4 μm of the incident surface, after which the proton energy is below the 7 Li(p,n) threshold. The proton range in liquid lithium until stopping is 154 μm, within which the bulk of the beam power is absorbed, with a significant fraction in a thin layer around the Bragg peak. For a 1 mA beam having a transverse radial Gaussian profile with a standard deviation σ r = 2.8 mm (Table I) ), the peak volume power density averaged within one standard transverse deviation σ r at the Bragg peak is ~0.67 MW/cm 3 . The two-dimensional profile of the power deposition, calculated in these conditions, is illustrated in Fig. 5 . Note that, due to the much smaller transverse beam size and the narrower Bragg peak, the volume power density required here is larger than the value planned (< 0.3 MW/cm 3 ) in the 
B. Proton energy loss in lithium
where λ is the heat conductivity of liquid lithium and q the heat source per unit volume due to the particle beam. Several approximations are made to simplify the solution of Eq. 1. The very low Prandtl number of liquid metals (of the order of 0.01) determines that heat transfer across the jet (perpendicular to the main flow direction) is mainly due to conduction rather than convection. Hence, local velocity distributions due to turbulence and boundary layers on solid walls have negligible influence on heat transfer and temperature distribution across the jet. We can also neglect friction on the free surface of the liquid lithium (vacuum interface) or with the walls (out of the heated zone) and assume a plug flow model with constant velocity across the jet for heat conduction estimations. It is understood that the boundary layers on the walls that guide the flow will contribute to momentum exchange and slow down of the flow but this effect can be solved separately. Moreover, the heat convection term
, estimated above as ~ 6 kW for a velocity of 1 m/s is much larger than the conduction term in the flow direction,
conditions for a temperature gradient of 100 K/cm. In summary, for high flow velocity, heat conduction in the direction of the flow can be neglected compared to convection while for any other direction, convection can be neglected relative to the conduction term. Given these approximations, Eq. 1 reduces to the following single partial
where x is the jet flow direction, v(x) its local velocity, y the transverse distance and z the particle beam direction. The third term on the right-hand side is the heat source per unit volume due to a radial Gaussian beam load, (
), I 0 the maximum particle flux density at the beam center and σ the radial standard deviation of the distribution. The effect of heat loss by radiation from the front side of the jet on the energy balance is accounted for by the boundary conditions and the same applies to energy loss due to lithium evaporation. Heat loss by radiation or conduction to walls on all other sides of the jet can be neglected based on the expected low temperature and gradients in these zones. The proton specific energy loss in lithium
( z E ∂ ∂ / ) was calculated as described in Sec. II C, using the code SRIM [ 19] . The lithium initial temperature was taken as 220°C and the flow velocity as 4 m/s.
Temperature profiles of the lithium target calculated using equation (2) The effect of evaporation is not considered significant regarding the energy balance but as mentioned above, it must be calculated to assess operational risks. The maximum atom flux evaporating from a liquid (i.e. in ideal vacuum and assuming no condensation on the liquid) is expressed by the Hertz-Knudsen equation (see for example [ 23, 24] ):
where P v is the vapor pressure of the liquid and m is the mass of an atom. The mass evaporation rate, calculated by integrating Eq. (3) over the temperature distribution on the lithium surface ( fig. 6b ) for different flow velocities and using the temperature dependence of P v (see [22] ), is also illustrated in fig. 7 . For flow velocities above ~ 3 m/s (T max ~ 350 o C), the estimated evaporation rate is less than 0.1 mg/h, expected to allow safe operation for long periods. Notwithstanding these results, we included a vapor trap (described in the next section) between the target vacuum chamber and the accelerator beam line in order to reduce migration of lithium vapor towards the accelerator. mbar using a custom-built arc-pump and an adjoined ion-pump. Most parts of the system were fabricated from stainless steel 316 and vacuum gaskets made of soft iron, both compatible with liquid lithium [ 25] . We describe below the system starting from the lithium reservoir and following the lithium flow (Sec. A-E). 
A. Lithium reservoir
The lithium metal (~7.5 kg, 15 liters) is loaded in a 20-liters cylindrical reservoir (Fig. 9) . The reservoir cylinder is covered by three ceramic heaters with total heating power of 7.5 kW. The heat exchanger, located in the upper part of the reservoir, is shaped as a cylindrical sleeve, circulating separately a synthetic oil coolant [ 26] and surrounding the reservoir (see flow diagram in fig. 9b ). A cold trap (Fig. 9(b) ), designed to trap radioactive 7 Be, is a cylindrical tank, placed in the lower part of the Be is expected to accumulate mostly in the coldest area of the loop (see Sec. III F). This effect will be studied experimentally. 
B. The electromagnetic pump
Owing to the high electrical conductivity of liquid lithium, it can be efficiently circulated using externally applied electromagnetic fields. The liquid lithium flow through the circulation loop is driven by a custom-made electromagnetic (EM) induction pump (Fig. 10) consisting of rotating permanent magnets. The liquid lithium passes through a thin loop (rectangular cross section, Fig. 10, A) , which is placed between the two magnetic rotors (Fig. 10, B) , each of which includes three pairs of permanent magnets of alternating polarity (Fig. 10, C) . The alternating magnetic field induces a force that circulates the lithium through the loop. The direction of the magnets rotation is the same as the liquid lithium flow. The frequency of the magnet rotation is between 500 -1500 rpm, corresponding to lithium velocity of 3 -7 m/s through the nozzle (see next section).
C. Flow meter
The flow-meter, mounted above the EM pump, is composed of a permanent magnet and two conductor electrodes attached to the lithium tube, perpendicular to the direction of the magnetic field (Fig. 8, H) . The liquid-lithium flow velocity can be estimated from the measurements of the induced voltage generated between the 
D. Nozzle and target chamber
The lithium tube enters the top port of the target vacuum chamber (Fig. 11(a) ).
The target chamber includes a proton beam port with a set of 7 rings (4 cm in diameter) designed to trap lithium vapors during target irradiation, two view ports aimed toward C the nozzle and two linear feedthroughs (one for a tantalum foil for beam imaging and tuning and the other for a tungsten wire for beam scanning). The nozzle transforms the circular cross section of the flow (~2.54 cm in diameter) into a 1.5 mm thick and 18 mm wide film (see Figs. 1 and 11(b) ). The film flows on a back wall concave towards the beam, with a curvature radius of 30 mm (Fig. 11) . Buildup of centrifugal pressure [ 16] in liquid lithium due to the flow curvature (estimated in our conditions in the 10 -2 mbar range at the depth of the proton Bragg peak for flow velocities of 3-7 m/s) is expected to help further reducing the risk of boiling (see Sect. II C). The neutrons exit through the back wall (Fig. 11(D) ) which is made of a thin (0.3 mm) stainless steel sheet. Two metal slabs ("ears" in Fig. 11(b) ) are welded on both sides of the nozzle, to serve both as beam diagnostics via temperature measurements and beam shield for the outlet flange. Four thermocouples are connected to the diagnostic slabs for temperature monitoring. The slabs' temperature measurements also assist in centering the highintensity beam on the lithium jet. The nozzle was designed following a series of water experimental simulations, since water at 20 °C has a kinematic viscosity of close to the neutron source, which is important for activation measurements.
E. Arc pump
The custom-built arc pump (see arc pump port, Fig. 11 ) is based on sorption of active gas molecules by a layer of Ti getter. Such a pumping method, without moving or fragile parts, is relatively resistant to the lithium vapors that are expected to be present in the target vacuum chamber during liquid lithium irradiation. The pump operated properly during lithium circulation tests and during the electron gun irradiation experiments (see Sec. IV). An ion-pump was attached to the bottom of the arc-pump for pumping argon gas, which cannot be pumped by the arc-pump sorption.
F. 7 Be trapping and shielding 7 Be radionuclides will be produced in the lithium target through the 7 Li(p,n) 7 Be reaction. This nuclide has a half-life of 53 days and emits 478 keV (10.4%) gamma rays. The 7 Be γ activity produced during continuous irradiation with 1 mA protons at 1.91 MeV is ~ 0.8 γ-mCi/day, reaching saturation of ~ 60 γ-mCi after ~ 7 months of continuous operation. 7 Be atoms are expected to accumulate in the colder parts of the loop [ 27] , mainly in the cold trap located at the bottom of the reservoir (Fig. 9(b) ). A shielding (2 cm thick lead) was designed to reduce the 7 Be gamma dose and will be placed around the reservoir. With a shielded reservoir the saturation dose rate expected in the working area (30 cm from the system), assuming irradiation of 96 hours/week with a nominal beam (1 mA, 1.91 MeV protons), is lower than 20 μSv/h. We plan to map the 7 Be γ-activity along the loop and lithium reservoir with the first proton irradiations of the target above neutron threshold.
G. Control system
The control system of the apparatus is based on a National Instruments compact A graphical user interface (GUI), allows operation and control of the system, data acquisition and recording via a LabView version 8.2 [ 28] program. Prior to installation of the LiLiT for on-line tests at the SARAF beam line, the controller will be upgraded to a NI compact RIO (cRIO) controller, which includes Field-Programmable Gate Array (FPGA) modules. The new controller will improve performance and reliability.
IV. OFF-LINE EXPERIMENTS WITH THE LiLiT SYSTEM A. Circulation tests
A stand-alone fire resistant offline laboratory was built to develop proper working and operation procedures, perform preliminary experiments with the liquidlithium apparatus and establish the safety regulations for future handling of the online system. 7.5 kg of lithium (99.9% min.) were loaded into the lithium tank (Fig. 9 ) under a controlled dry (relative humidity less than 5%) argon atmosphere and melted at ~220°C. Several failures occurred during the first trials of liquid lithium circulation. In the first circulation experiment, the EM pump rotating frequency was increased gradually up to ~500 rpm. At this stage lithium was pushed through the tubes, reached the vacuum chamber but immediately solidified at the nozzle edge, apparently due to the lower temperature of the nozzle inside the vacuum chamber. A heating system (~1 kW) was developed to preheat resistively the nozzle up to a temperature to ~ 200°C
by connecting high-current leads from a current transformer directly on top and bottom ends of the nozzle tubing outside the vacuum chamber. A similar resistive heating was applied at both ends of the EMP loop in order to melt the solid lithium that fills the loop before operation. At this stage, the resistive heating in the loop area is complemented by eddy-current heating by operating the EMP in reverse direction. In a following experiment, the lithium flowed through the nozzle but immediately surged back upward into the vacuum chamber. The reason for the overflow appeared to be incomplete lithium liquefaction in the reservoir, causing a clog in the reservoir lithium inlet. From these experiments it was concluded that for proper circulation, all parts of the loop, especially the nozzle, must be carefully preheated to a temperature above
200°C for a few hours to ensure complete liquefaction of the lithium in the reservoir. In a third attempt, under the conditions described above, we were able to demonstrate 14 for location of vacuum gauge), lasting for long periods (~10 hours). When circulating liquid lithium for the first time after the system had been filled with Ar (e.g.
for servicing a component), we observed short bursts of pressure (up to 10 -4 mbar), attributed to Ar outgassing. The Li film was observed through a view port ( fig. 12 , see also [ 29] for the movie of a recent circulation test). No splashes of lithium droplets or aerosols formation were observed up to the maximum flow velocity we operated (~ 7 m/s). At low flow velocity, the lithium film showed slight waviness (considered insignificant relative to the film thickness) but with the increase of EM pump power and film velocity, it became smoother and more stable. Our present estimate of the largest flow velocity attained is ~7 m/s in the nozzle section, based on a measurement using the electromagnetic flow-meter (Sec. III C).
B. Electron-gun tests
The 
Electron gun experiments
The high-intensity electron gun was attached to the LiLiT system together with a solenoidal coil for electron beam focusing and a set of 4 coils placed symmetrically around the beam axis for beam deflection (Fig. 14) . were not affected by the electron irradiation (Fig. 17 ). 
V. SIMULATION OF NEUTRON YIELD, ENERGY SPECTRUM AND ANGULAR DISTRIBUTION FROM THE LiLiT SETUP
The LiLiT setup is presently being installed at the SARAF linac toward commissioning experiments with the high-power proton beam of SARAF. Detailed neutron transport simulations, taking into account the realistic geometry of LiLiT and its surrounding in the SARAF accelerator hall, were performed in order to estimate the neutron yield, energy spectrum and angular distribution expected at a secondary target located 3 mm downstream the LiLiT neutron port (Fig. 8(C) ). The calculations were made using methods described in [ 6] for a 1.91 MeV proton beam with energy spread of 15 keV. The results are presented in Fig. 18 and show that a neutron intensity of 2.4×10 10 n/s is achievable with a 1 mA proton beam from SARAF, more than one order of magnitude higher than similar available sources, with a most probable and mean energy of 28 keV and 46 keV, respectively. 
SUMMARY
The development and off-line experiments of a liquid-lithium target (LiLiT) for high-intensity proton beams at energies above the (p,n) reaction threshold, are described. The challenge in such a design is the large volume power densities (>1 MW/cm 3 ) created by a narrow Gaussian beams (σ < 3 mm), required for the desired epithermal neutron flux density.
The system was designed based on a thermal model that estimated the required jet velocity needed to prevent excessive evaporation and boiling of the liquid lithium.
Lithium circulation experiments confirmed that the system can operate safely and that shaping assembly, to demonstrate the applicability of this new concept to acceleratorbased BNCT. We plan to use LiLiT in the future also with a deuteron beam for fast neutron production and radioactive ion production. The experience gained with LiLiT will serve in the design of an upgraded target matching the higher energies (40 MeV deuterons) of the final configuration of SARAF (Phase II).
